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ATP-binding cassette (ABC) transporters couple hydrolysis of ATP with vectorial transport across the
cell membrane. We have reconstituted ABC transporter MsbA in nanodiscs of various sizes and lipid
compositions to test whether ATPase activity is modulated by the properties of the bilayer. ATP
hydrolysis rates, Michaelis–Menten parameters, and dissociation constants of substrate analog
ATP-c-S demonstrated that physicochemical properties of the bilayer modulated binding and ATP-
ase activity. This is remarkable when considering that the catalytic unit is located 50 Å from the
transmembrane region. Our results validated the use of nanodiscs as an effective tool to reconstitute
MsbA in an active catalytic state, and highlighted the close relationship between otherwise distant
transmembrane and ATPase modules.
 2011 Federation of European Biochemical Societies. Published by Elsevier B.V. All rights reserved.1. Introduction
ATP binding cassette (ABC) transporters are a class of integral
membrane proteins involved in the uphill translocation of a wide
range of bioactive molecules across the plasmatic membrane of
the cell [1–3]. Vectorial translocation is powered by the hydrolysis
of ATP taking place in specialized nucleotide-binding domains
(NBDs) of the transporter. MsbA is an essential membrane protein
of Escherichia coli that facilitates the movement of lipid A from the
inner to the outer leaﬂet of the plasmatic membrane [4,5]. Struc-
turally, MsbA is composed of a transmembrane region embedded
in the bilayer, and an ATP binding domain (NBD) responsible forchemical Societies. Published by E
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. Caaveiro), tsumoto@ims.ATP hydrolysis. Low-resolution crystal structures (>3.5 Å) revealed
signiﬁcant differences in the overall conformation of MsbA dimer
with and without nucleotides bound [6]. Biophysical and biochem-
ical data supported the crystallographic models, and together with
the structural data demonstrated that MsbA must undergo a large
conformational rearrangement during its functional cycle (Fig. 1)
[7,8]. An outstanding question is how MsbA converts favorable
chemical energy released by hydrolysis of ATP into vectorial trans-
port and conformational change. Ultimately, this energy must be
transmitted across remote domains of the protein as suggested
from crystal structures and molecular dynamics simulations [9].
We used nanodiscs as a tool to reconstitute functional MsbA.
Nanodiscs are particles generated by the self-assembly of phospho-
lipids and membrane scaffold protein (MSP, Supplementary
Fig. S1) [10]. These nanoparticles afforded some improved proper-
ties over traditional model systems. For example, nanodiscs allow
precise control of particle size (Supplementary Figs. S1 and S2), and
yield a simpliﬁed topology more suitable for analytical techniques
such as surface plasmon resonance (SPR) [11–14].
In this report we have characterized ATPase activity of MsbA
reconstituted in nanodiscs of varying particle sizes and lipid com-
positions. We compared this reconstitution system with detergent
micelles. We also report a detailed binding analysis of the substrate
analog ATP-c-S to MsbA using SPR technique. Overall, our work re-
vealed functional relationships between distant domains of MsbA.lsevier B.V. All rights reserved.
Fig. 1. Structure of MsbA dimer in (A) opened (inward-facing) and (B) closed (outward-facing) conformations. Binding of ATP and lipid A to the opened conformation favors
transition of MsbA to an outward-facing structure with ensuing translocation of ligand to the outer leaﬂet of the membrane. Protein monomers are colored in yellow and
green, respectively. Dinucleotide bound to closed form of MsbA is shown in red. Lipid A (blue) and phospholipids (gray) are not part of the crystal structures, but they are
shown for illustration purposes. Distance between nucleotide and trans-membrane region is approximately 50 Å. Coordinates were obtained from Protein Data Base under
entries 3B5W (E. coli, opened form), and 3B60 (Salmonella typhimurium, closed form).
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2.1. Materials
Lipids 1,2-dimyristoyl-sn-glycero-3-phosphocholine (DMPC),
1,2-dimyristoyl-sn-glycero-3-phospho-(10-rac-glycerol) (DMPG),
1,2-dilauroyl-sn-glycero-3-phosphocholine (DLPC), 1,2-dim-
yristoleoyl-sn-glycero-3-phosphocholine (DM(9:cis)PC), and 1,2-
dioleoyl-sn-glycero-3-phosphocholine (DOPC) were purchased
from Avanti Polar Lipids (Alabaster, AL). Detergent n-dodecyl-b-D-
maltoside (b-DDM) was purchased from Dojindo (Kumamoto, Ja-
pan). ATP was purchased from MP Biochemicals (Solon, OH), and
analog adenosine-50-O-(3-thiotriphosphate) (ATP-c-S) was pur-
chased from Merck (Darmstadt, Germany). All other chemicals
were purchased from Wako (Osaka, Japan).
2.2. Cloning, expression and puriﬁcation of membrane scaffold
proteins
Expression vector of membrane scaffold protein 1 (MSP1) with
an N-terminal heptahistidine and a TEV cleavage site was a gift
from the Institute of Genome Research at The University of Toku-
shima. Enlarged versions of MSP1 with repeated helix 4 (MSP1E1),
repeated helices 4 and 5 (MSP1E2), and repeated helices 4, 5 and 6
(MSP1E3) [13] were cloned into expression vectors pET28 with a
mutagenesis kit (Toyobo, Osaka, Japan) (Supplementary Fig. S2).
Expression and puriﬁcation of MSP was carried out essentially as
described previously [10,13]. TEV protease containing a hexahisti-
dine tag in the N-terminal end was puriﬁed using a Ni2+ afﬁnity
column as described elsewhere [15]. Cleaved MSP was separated
from uncut MSP and TEV protease in a HisTrap HP column. The
ﬂow-through fractions containing MSP protein were concentrated
with a 10 kDa Amicon Ultra-ﬁlter (Millipore, Billerica MA) to a con-
centration of 100–200 lM, frozen by immersion in liquid N2, and
stored at 80 C until use.
2.3. Cloning, expression and puriﬁcation of MsbA
MsbA gene from E. coli was cloned into expression vector
pET26M(+) using forward primer 50-GGAATTCCATATGCATA-
ACGACAAAGATCTCTCTAC-30, and reverse primer 5’-ACGCGTC-GACTTGGCCAAACTGCATTTTGTG-30 displaying restriction sites
Nde-I and Sal-I (underlined), respectively. C43 (DE3) cells trans-
formed with MsbA plasmid were grown in 2YT medium containing
50 lg ml1 kanamycin at 37 C. Expression was induced by addi-
tion of 0.5 mM IPTG. Cells were harvested 5 h after induction by
centrifugation at 7000g for 10 min at 4 C, suspended in buffer
containing 40 mM Tris–HCl, 300 mM NaCl (pH 8.0), and subse-
quently lysed with an EmulsiFlex C-5 homogenizer (Avestin, On-
tario, Canada). Lysate solution was centrifugated at 10000g for
1 h at 4 C, and the supernatant further centrifuged at 150000g
for 1 h at 4 C. Membrane fraction was resuspended in a buffer
composed of 40 mM Tris–HCl, 300 mM NaCl and 5 mM imidazole
(pH 8.0). This solution was supplemented with 1% (w:v) b-DDM
to allow solubilization of the membranes for one hour at 4 C, after
which it was centrifuged at 150000g for 1 h at 4 C to discard
insoluble material. MsbA was puriﬁed in a Talon Co2+ afﬁnity col-
umn (Takara, Otsu, Japan) with buffer supplemented with 0.1% b-
DDM containing up to 10 mM imidazol, after which MsbA was
eluted with a solution containing 300 mM imidazole. Puriﬁed
MsbA was concentrated to 100–200 lM, frozen in liquid N2 and
stored at 80 C until use.
2.4. Reconstitution of MsbA in nanodiscs
Appropriate amount of dried lipidwas solubilized at a concentra-
tion of 50 mM in a buffer containing 10 mM Tris–HCl, 100 mMNaCl
and 100 mM sodium cholate at pH 7.4. Proteins MSP andMsbA, at a
ratio (1:1) were incubated with excess lipid at 20:1, 40:1, 60:1 or
100:1 stoichiometric ratios. Optimal incubation temperature for
nanodiscs containing DMPC and DMPG was 25 C, whereas that for
samples containing DLPC, DM(9:cis)PC, and DOPC was 4 C. Deter-
gents b-DDM and sodium cholate were removed by treatment with
0.6 g ml1 Bio-Beads SM2 (Bio-Rad, Hercules, CA) for 4 h. Nanodiscs
were separated from aggregated material in a Superdex 200 10/300
GLcolumn(GEHealthcare) equilibratedwitha solution composedof
10 mMTris–HCl (pH 7.4) and 100 mMNaCl. Samples ofMsbA incor-
porated in nanodiscs were further puriﬁed in a Ni–NTA agarose col-
umn following the instructions of the manufacturer (Qiagen,
Valencia, CA). MsbA concentration was determined from absor-
bance at 280 nm and densitometry analysis of SDS–PAGE gels cali-
brated with known concentrations of MsbA or MSP, and analyzed
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pid was determined as described previously [16].
2.5. ATPase activity assay
ATPase activity assay was based on the procedure of Doerrler
and Raetz [4]. MsbA in 0.1% b-DDM or reconstituted into nanodiscs
was assayed in 1-ml reaction mixtures containing 50 mM Tris–HCl,
10 mM MgCl2, and 2 mM ATP at pH 7.4. ATPase reactions pro-
ceeded at 37 C and were stopped by addition of 150 ll of 12%
(w:v) SDS, followed by addition of 300 ll of a fresh solution con-
taining 6% ascorbic acid and 1% ammonium molybdate in 1 M
HCl. Samples were diluted with 450 ll of a solution composed of
2% citric acid monohydrate, 2% sodium meta-arsenite, and 2% ace-
tic acid. Concentration of phosphorus released during ATPase reac-
tion was determined spectrophotometrically at 850 nm after 20-
min incubation. We note that the ATPase activity of MsbA solubi-
lized in micelles of b-DDM was lower at 25 C than at 37 C (Ta-
ble 1). This experiment conﬁrmed that higher temperature of
37 C did not cause preferential denaturation of the membrane
protein.
2.6. Binding assay
Surface plasmon resonance (SPR) was employed to analyze
binding of substrate analog ATP-c-S to MsbA in a Biacore T200
instrument using an S series CM5 sensor chip (GE Healthcare).
Anti-His antibody (Qiagen, Valencia CA) was immobilized at a level
between 4000 and 6500 response units in order to maximize the
capture of nanodiscs containing MsbA. Each run consisted of con-
secutive injections of analyte (ATP-c-S) in a sensor chip decorated
with antibody  nanodisc complexes in a buffer composed of
50 mM Tris–HCl, 10 mM MgCl2 at pH 7.4, at a ﬂow rate of 30 ll/
min. SPR data were analyzed with the Biacore T200 Evaluation
software (GE Healthcare). Dissociation constant KD was deter-
mined by the Scatchard method.
3. Results and discussion
ABC transporter MsbA was reconstituted into nanodiscs of var-
ious sizes with good yield. Appropriate amounts of puriﬁed MsbA,
synthetic lipids, and scaffold proteins led to self-assembled parti-
cles under optimized experimental conditions. These nanodiscs
were separated from aggregated material by size-exclusion chro-
matography (Fig. 2A). Large elution peaks corresponded to nano-
lipoprotein particles containing MsbA. Their relative position was
correlated with the expected size of each type of nanodisc (Supple-
mentary Fig. S1). ‘‘Empty’’ nanodiscs (i.e. devoid of MsbA) were
separated from nanodiscs containing MsbA using a Ni2+ afﬁnity
column, which took advantage of the hexahistidine tag present in
MsbA but not in MSP (Fig. 2B).
Lipid analysis demonstrated that the number of DMPC mole-
cules present in MsbA-reconstituted samples depended on the size
of nanodiscs (Supplementary Table 1). These values also indicated
that the number of lipids that must be displaced when MsbA is
embedded in a nanodisc particle was compatible with the incorpo-Table 1
Kinetic parameters of ATP hydrolysis.
Vmax (lmol/min/mg) kcat (min
MSP1 0.29 ± 0.02 19 ± 1.0
MSP1E3 0.11 ± 0.02 7.0 ± 1.1
b-DDM 0.02 ± 0.001 1.22 ± 0.2
b-DDMa 0.005 ± 0.0003 0.38 ± 0.03
a Activity assay was carried out at 25 C.ration of MsbA dimers (3000 Å2/dimer) [6,12]. The differences in
the number of lipid molecules displaced by MsbA among nanodiscs
might reﬂect small changes in their geometry, as recently shown in
nanodiscs displaying various degrees of ellipticity [17]. This vari-
ability could be also caused by changes in the oligomerization state
of the membrane protein, but this possibility is less likely given the
structural stability of MsbA homodimer [6]. Considering that the
circumference of MsbA dimer is approximately 200 Å, and the
cross-section of a molecule of DMPC is 9.0 Å [18], we estimated
that MsbA was encircled by at least one layer of boundary lipid
even in the smallest MSP1 particles. The importance of this mono-
layer of boundary (annular) lipid is demonstrated by the high
instability of nanodiscs of MsbA prepared in the absence of DMPC
(data not shown).
We conducted kinetic analysis of ATPase activity of MsbA
(Fig. 3A). ATPase rates are broadly used to monitor the functional-
ity of MsbA and other ABC transporters [19–22]. The values ob-
tained herein (Table 1) were within the range of activity rates
reported by other groups using liposomes composed of E. coli lipids
(0.037–1.28 lmol min1 mg1) [4,21]. Zou and Mchaourab have
reported relatively higher activities (3–5 times faster than the val-
ues we determined) using MsbA muteins reconstituted in nano-
discs with E. coli lipids [23]. Overall, these observations validated
our reconstitution procedure and demonstrated that MsbA was
incorporated in nanodiscs in a functional state.
Catalytic activity was strongly dependent upon the reconstitu-
tion system used (Fig. 3A and Table 1). ATPase rates (Vmax) of MsbA
reconstituted in nanodiscs were 6–15 times faster than those of
protein solubilized in micelles of b-DDM. Vmax values obtained in
micelles of b-DDM were of the same magnitude to those reported
by Doerrler et al. [4]. Likewise, kcat values determined in nanodiscs
were higher than those in b-DDM by approximately the same ratio.
On the contrary, KM remained relatively constant suggesting that
the reconstitution system (nanodiscs or micelles) did not interfere
with substrate binding. Still, second-order rate constant (kcat/KM)
demonstrated that nanodiscs composed of MSP1 were the best sui-
ted to preserve the full enzymatic potential of MsbA.
Enzymatic rates were not uniform among the four different-
sized nanodiscs tested (Fig. 3B). The smallest MSP1 nanodiscs sus-
tained the highest relative activity of MsbA. We could not observe
a linear dependence of enzymatic rates as we increased the size of
nanodisc. On the other hand, the catalytic ability of MsbA solubi-
lized in micelles of b-DDM was substantially diminished compared
to that in nanodiscs. Together with data in Fig. 3A, these key obser-
vations demonstrated that detergent b-DDM did not adequately
stabilize MsbA in a functional state under our experimental condi-
tions. Instead, MsbA preferred the more natural environment of the
bilayer to achieve a more optimal catalytic efﬁciency.
Lipid composition is traditionally considered an important
parameter affecting structure, function, and stability of membrane
proteins [24–26]. Indeed, it has been previously reported that
E. coli lipids [4,21,23] and egg yolk phosphatidylcholine [27]
constitute adequate choices to preserve the functional properties
of MsbA when reconstituted in lipid vesicles. However, these
complex mixtures do not have deﬁned lipid compositions and thus
are of lesser value in our systematic analysis. We characterized1) KM (mM) kcat/KM (min1 mM1)
0.34 ± 0.03 55 ± 2.0
0.21 ± 0.1 39 ± 12
0.27 ± 0.01 4.5 ± 0.1
0.56 ± 0.09 0.7 ± 0.06
Fig. 2. Reconstitution of MsbA in nanodiscs. (A) Size-exclusion chromatography of MsbA reconstituted with alipoproteins of various sizes: MSP1, blue; MSP1E1, red; MSP1E2,
green; and MSP1E3, purple. Largest peaks correspond to MsbA incorporated in nanodiscs. (B) SDS–PAGE of MsbA-nanodiscs after Ni2+ afﬁnity column.
Fig. 3. ATPase activity of MsbA. (A) ATP hydrolysis rates as a function of concentration of substrate ATP. MsbA was reconstituted in small (MSP1, diamonds) and large
(MSP1E3, squares) nanodiscs, or solubilized in b-DDMmicelles (triangles). (B) Relative ATPase activity (%) of MsbA reconstituted in four types of nanodiscs, or solubilized in b-
DDM micelles.
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(MSP1E3) nanodiscs containing different types of pure synthetic
lipids (Fig. 4A and Supplementary Fig. S3). Enzymatic activity of
MsbA varied up to fourfold depending on (i) identity of lipid, and
(ii) size of the nanodisc particles. We generally observed the high-
est rates in the smaller nanodiscs composed of MSP1, except in
samples prepared with lipid DOPC, which slightly favored catalysis
in the larger MSP1E3 nanodiscs. Overall, MSP1E3 nanodiscs con-
taining the negatively charged lipid DMPG constituted the least
suitable lipid composition.
Dissociation constants (KD) between substrate analog ATP-c-S
and MsbA were determined by SPR technique under analogous
conditions to those used in Fig. 4A. Binding of ATP-c-S to MsbA
gave rise to an increase of surface plasmon signal that was propor-
tional to the amount of ligand bound (Fig. 4B). The highest afﬁnity
(inversely related to KD) was achieved in the largest nanodiscs
MSP1E3 (Table 2). ATP-c-S was found to bind between 10- and
100-fold more tightly to MsbA reconstituted in MSP1E3 nanodiscs
than in MSP1 nanodiscs. This key result suggested that the dimin-
ished activity rates observed in large nanodiscs were not caused by
a structural defect in the NBD of the transporter (Fig. 3). We alsonoticed that values of KD obtained in MSP1E3 nanodiscs depended
on the identity of the lipid. This is particularly noticeable in sam-
ples containing DMPG or DOPC, where afﬁnity decreased by 10-
fold compared with other lipid compositions. On the other hand,
binding of ATP-c-S to MsbA incorporated in MSP1 nanodiscs re-
mained relatively constant (KD = 4–5 lM).
The complex pattern of lipid-dependence of ATPase activity and
ATP-c-S binding suggested an elaborate network of interactions
between lipids, scaffold protein, and MsbA. This complexity re-
ﬂects a highly dynamic environment at the molecular level. Similar
arguments have explained, for example, the thermotropic phase
transition properties and elliptical structures in nanodiscs assem-
bled with various kinds of phospholipids [13,17].
4. Conclusion
We have shown that MsbA reconstituted in nanodiscs sustained
high ATPase rates, which contrastedwith the low activities found in
micelles of detergent b-DDM. Enzymatic activity was modulated by
a complex interplay between at least twoproperties of the bilayer (i)
size, and (ii) lipid composition. Although the transmembrane region
Fig. 4. Lipids modulate ATPase activity of MsbA. (A) Rate of ATP hydrolysis of MsbA reconstituted in nanodiscs composed of various lipids. Blue and pink bars indicate data
obtained with MSP1 and MSP1E3 nanodiscs, respectively. (B) Binding of substrate analog ATP-c-S to MsbA reconstituted in MSP1 nanodiscs of DMPC determined by SPR.
Dissociation constants were obtained by ﬁtting the response in equilibrium to a Scatchard plot (inset).
Table 2
Binding constants of analog ATP-c-S to MsbA determined by SPR.a
DMPC DMPG DLPC DM(9:cis)PC DOPC
MSP1 5.1 ± 2.5 5.1 ± 2.2 3.8 ± 0.8 4.0 ± 0.2 4.9 ± 0.4
MSP1E3 0.038 ± 0.01 0.5 ± 0.2 0.037 ± 0.005 0.030 ± 0.005 0.36 ± 0.15
a Dissociation constant (KD) is shown in lM.
T. Kawai et al. / FEBS Letters 585 (2011) 3533–3537 3537in contact with the bilayer is separated by 50 Å from the ATPase
module, our data demonstrated that both domains are linked by a
network of functional interactions. Understanding the molecular
details of the ‘‘transmissionbelt’’ connectingboth regions of thepro-
tein will continue to fascinate researches for the foreseeable future.
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